INTRODUCTION
============

The death of substantia nigra pars compacta (SNpc) dopaminergic neurons causes Parkinson\'s disease (PD), which is a common neurodegenerative disorder. PD has a prevalence of 1--2% in the elderly population,[@B1] and its motor symptoms include resting tremor, bradykinesia, rigidity, and postural disturbance.[@B2] Because clinical symptoms of PD fluctuate at the time of diagnosis, identifying reliable biomarkers is important for the early diagnosis and management of PD.

The pathological hallmark of PD is Lewy bodies that consist mainly of alpha-synuclein (αSyn).[@B3] αSyn participates physiologically in the regulation of dopamine synthesis, synaptic plasticity, and neural differentiation.[@B4] The accumulation or aggregation of αSyn contributes to the pathogenesis of PD.[@B5] αSyn exists not only intracellularly but is also found in the blood and the CSF.[@B6][@B7] Previous studies have showed that the level of αSyn, especially oligomeric αSyn, is elevated in plasma and CSF samples obtained from PD patients.[@B6][@B8] αSyn is therefore considered the therapeutic target of PD and a potential biomarker for diagnosing PD.[@B9]

Ras-related protein (Rab protein) regulated by GTPase-activating proteins and guanine--nucleotide exchange factors are involved in signaling transduction, endocytic recycling, intracellular vesicular trafficking, and endosomal recycling.[@B10] There are many lines of evidence indicating that αSyn aggregates directly bind with Rab proteins.[@B11] Dysregulated expression of Rab GTPases is believed to participate in the etiology of PD.[@B12] Loss-of-function mutations in Rab39B cause young-onset PD.[@B13] The level of phosphorylated Rab10 is increased in neutrophils from PD patients and can be used as an enrichment biomarker for PD patients.[@B14][@B15] It has been reported that Rab proteins interact with PD genes, including LRRK2, PINK1, and Parkin, and are involved in the pathogenic mechanism of PD.[@B16][@B17] Endosomal Rab proteins including Rab5 and Rab7A participate in Parkin-mediated mitophagy.[@B18] LRRK2 phosphorylates many Rab proteins, including Rab7L1, Rab8A, Rab10, Rab29, and Rab35.[@B19][@B20][@B21][@B22][@B23] LRRK2 kinase regulates the propagation of αSyn by phosphorylating Rab35.[@B20] Injecting the phosphomutant Rab35 into the substantia nigra causes the death of dopaminergic neurons.[@B24] Moreover, Rab proteins regulate the homeostasis and aggregation of αSyn.[@B11][@B25] Our previous study demonstrated that the expression of Rab35 increases the secretion and accumulation of (A53T) αSyn in dopaminergic neurons.[@B26] Moreover, PD patients exhibit elevated levels of serum Rab35. The serum level of Rab35 might therefore be of clinical value in discriminating parkinsonism and might participate in the etiology of PD.[@B26]

While detecting a biomarker in CSF represents valuable information, it is invasive and expensive to obtain CSF samples from PD patients; in contrast, it is much more convenient and inexpensive to collect serum samples. The early diagnosis of PD using a serum biomarker would therefore facilitate early treatments of PD and help to improve the progression of PD.[@B27] It is difficult to differentiate early-stage PD from atypical parkinsonism disorders, including progressive supranuclear palsy (PSP) and multiple system atrophy (MSA),[@B28] which makes it essential to identify a reliable predictive serum marker for PD. Both the accumulation of αSyn and the up-regulated expression of Rab35 are believed to participate in the etiology of PD.[@B5][@B26] Overexpression of Rab35 has been shown to cause neurotoxicity of dopaminergic cells by promoting the aggregation and secretion of αSyn,[@B26] suggesting that the expression level of Rab35 is correlated with that of αSyn. The aim of the present study was to determine whether the combined assessment of serum αSyn and Rab35 is a useful predictive biomarker for PD.

METHODS
=======

Human participants
------------------

The Institutional Review Board of Chang Gung Memorial Hospital approved this investigation (IRB No. 201600663B0). All participants provided informed consent. The present study included 59 idiopathic PD patients, 19 PSP patients, 20 MSA patients, and 60 normal controls (NC). The clinical diagnoses of PD, MSA, and PSP were confirmed as described previously.[@B26] The demographic characteristics of NC and patients with parkinsonian disorders are listed in [Table 1](#T1){ref-type="table"}.

Serum specimens
---------------

Blood specimens were collected in Vacutainer tubes and coagulated at 25℃. Serum samples were obtained by centrifugation and then divided into aliquots.

ELISA determination of serum Rab35 level
----------------------------------------

The level of serum Rab35 was measured using the Rab35 ELISA kit (CUSABIO; Wuhan, China). Briefly, 100-µL serum samples were added to the wells of the microplate coated with anti-Rab35 antibody. The liquid was removed, and the wells were incubated with biotin antibody. Horseradish peroxidase (HRP)-avidin solution was then applied to the well, followed by the tetramethylbenzidine substrate. The absorbance was then measured at 450 nm, from which the level of serum Rab35 was calculated with the aid of a standard curve.

Quantification of serum αSyn level by IMR
-----------------------------------------

The ultrasensitive immunomagnetic reduction (IMR) immunoassay was performed as described by Yang et al.[@B29] In brief, Fe~3~O~4~ magnetic nanoparticles conjugated with anti-αSyn antibody were used to determine the interaction between αSyn and magnetic nanoparticles, which resulted in IMR. An IMR analyzer (XacPro-S, MagQu; Taipei, Taiwan) was used to detect the IMR signal.[@B29]

Statistical analysis
--------------------

Statistical analysis was performed using SPSS version 23 (IBM Corp., Armonk, NY, USA) and GraphPad Prism software (GraphPad Software, San Diego, CA, USA). Data were summarized as mean±SEM error of the mean or 95% CI values. One-way ANOVA and the Tukey test were used to detect significant differences among multiple study groups. The correlation between two variables was analyzed based on Pearson correlation coefficients. Scatter plots with fitted regression lines are presented. A *p* value less than 0.05 was considered statistically significant. Receiver operating characteristics (ROC) curves were used to determine the diagnostic performance of serum αSyn or/and Rab35 in differentiating PD patients from NC or atypical parkinsonian patients. The accuracy of a biomarker in predicting PD was assessed by calculating the area under the ROC curve (AUC).

RESULTS
=======

Serum samples from PD patients have increased levels of αSyn and Rab35
----------------------------------------------------------------------

Sixty NC, 59 PD patients, 19 PSP patients, and 20 MSA patients were enrolled. Because atypical parkinsonism disorders, including MSA and PSP, are clinically indistinguishable from early-stage PD and are pathologically distinct, MSA and PSP patients were chosen as disease controls. The demographic characteristics of the study populations are summarized in [Table 1](#T1){ref-type="table"}.

The ultrasensitive IMR immunoassay was performed to determine the serum level of αSyn. A quantitative ELISA assay was performed to calculate the level of serum Rab35. The serum levels of αSyn in NC and MSA, PSP, and PD patients were 0.0030±0.0050, 0.0014±0.0003, 0.0024±0.0006, and 0.0292±0.0055 pg/mL, respectively ([Table 1](#T1){ref-type="table"}, [Fig. 1A](#F1){ref-type="fig"}); [Table 1](#T1){ref-type="table"} and [Fig. 1B](#F1){ref-type="fig"} indicate that the corresponding Rab35 levels were 59.63±8.20, 73.12±13.18, 55.20±10.21, and 202.70±18.04 pg/mL, respectively. Compared to NC, the serum levels of αSyn and Rab35 were elevated by 9.73-fold and 3.40-fold in serum samples from PD patients, respectively.

The correlation between serum levels of αSyn and Rab35 was examined using the Pearson correlation coefficient. The scatter plot with fitted regression line in [Fig. 1C](#F1){ref-type="fig"} indicates that there was a positive correlation between the serum levels of Rab35 and αSyn (*r*=0.357, *p*=0.0055) ([Fig. 1C](#F1){ref-type="fig"}).

Drug-induced parkinsonism (DIP), which is the second-most-common parkinsonian disorder, is caused by the use of antidopaminergic drugs including antipsychotic medications.[@B30] Parkinsonism phenotypes of DIP can be reversed by stopping such medication. It is difficult to distinguish PD patients from DIP patients based on their clinical phenotypes. The serum level of αSyn (0.0076±0.0026 pg/mL) in patients with antipsychotic DIP (age=42.80±4.82 years) did not differ significantly (*p*=0.5750) from that (0.0058±0.0018 pg/mL) in age-matched controls (age=43.50±4.78 years). The level of serum Rab35 in DIP patients (59.15±2.44 pg/mL) was similar to that in NC (56.37±1.64 pg/mL).

Our previous study showed that 6- or 9-month-old homozygous (D331Y) PLA2G6 knockin mice, which is an animal model of PARK14, exhibited the degeneration of SNpc dopaminergic neurons.[@B31] Treating mice with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) for 2 weeks resulted in a significant death rate of SNpc dopaminergic neurons.[@B32] The level of serum αSyn or Rab35 was determined in three groups of mice: control, MPTP treatment for 1 week, and MPTP treatment for 2 weeks ([Fig. 2A and B](#F2){ref-type="fig"}). Compared to control mice (αSyn=0.0758±0.0098 pg/mL; Rab35=84.96±1.63 pg/mL), the serum levels of αSyn and Rab35 were increased in mice treated with MPTP for 1 week (αSyn=0.1005±0.0063 pg/mL, *p*=0.059; Rab35=92.94±1.34 pg/mL, *p*=0.036) ([Fig. 2A and B](#F2){ref-type="fig"}). Compared with the NC group (αSyn=0.0758±0.0098 pg/mL; Rab35=84.96±1.63 pg/mL), the serum levels of αSyn or Rab35 were significantly increased in mice treated with MPTP for 2 weeks (αSyn=0.1443±0.0157 pg/mL, *p*=0.0041; Rab35=113.3±6.28 pg/mL, *p*=0.014) ([Fig. 2A and B](#F2){ref-type="fig"}). There was a positive correlation between the serum levels of αSyn and Rab35 in MPTP-treated mice (*r*=0.6713, *p*=0.0011) ([Fig. 2C](#F2){ref-type="fig"}). The serum levels of Rab35 and αSyn in mice treated with MPTP for 2 weeks was higher than those in mice injected with MPTP for 1 week ([Fig. 2A and B](#F2){ref-type="fig"}). Therefore, up-regulated serum levels of Rab35 and αSyn are correlated with the disease progression of MPTP-treated mice.

The expression levels of Rab35 and αSyn were evaluated in serum samples of wild-type (WT) and mutant (D331Y) PLA2G6 knockin mice. Compared with age-matched WT mice (αSyn and Rab35 levels of 0.0782±0.0015 and 85.17±0.86 pg/mL at 6 months, respectively, and 0.0902±0.0116 and 86.10±2.04 pg/mL at 9 months), the serum levels of αSyn and Rab35 were up-regulated in 6-month-old (αSyn=0.6964±0.1601 pg/mL, *p*=0.0181; Rab35=96.05±4.33 pg/mL, *p*=0.0692) and 9-month-old (αSyn=1.135±0.1974 pg/mL, *p*=0.0061; Rab35=114.90±4.74 pg/mL, *p*=0.0051) mutant (D331Y) PLA2G6 knockin mice ([Fig. 2D and E](#F2){ref-type="fig"}). In homozygous (D331Y) PLA2G6 mice there was a positive correlation between the serum levels of αSyn and Rab35 (*r*=0.7438, *p*=0.0271) ([Fig. 2F](#F2){ref-type="fig"}). The serum levels of αSyn and Rab35 were higher in 9-month-old than in 6-month-old (D331Y) PLA2G6 knockin mice ([Fig. 2D and E](#F2){ref-type="fig"}). The up-regulation of the expression levels of αSyn and Rab35 was therefore correlated with the disease progression of homozygous (D331Y) PLA2G6 knockin mice.

Combined assessment of serum αSyn and Rab35 is a better biomarker for discriminating PD patients from NC or patients with atypical parkinsonian disorders
---------------------------------------------------------------------------------------------------------------------------------------------------------

To explore the diagnostic application of serum αSyn and Rab35 levels in discriminating PD patients from NC or atypical parkinsonism disorders, the natural-logarithm values of these levels were analyzed using ROC curves. The area above the reference line in the ROC curve was \>0.5, which suggested that the serum levels of αSyn and Rab35 may be used as a biomarker for the diagnosis of PD. Compared with the NC group, the AUCs for the serum levels of αSyn and Rab35 in PD patients were 0.8175 (95% CI=0.7429--0.8921) ([Fig. 3A](#F3){ref-type="fig"}) and 0.8314 (95% CI=0.7569--0.9058) ([Fig. 3A](#F3){ref-type="fig"}), respectively. Moreover, the AUC was higher for the combined assessment of serum αSyn and Rab35 in PD patients, at 0.8794 (95% CI=0.8161--0.9427) ([Fig. 3A](#F3){ref-type="fig"}). This finding suggests that compared to analyzing serum αSyn or Rab35 alone, the combined assessment of serum αSyn and Rab35 has a better performance in discriminating PD patients from NC ([Fig. 3A](#F3){ref-type="fig"}).

When PD patients were compared with MSA patients, the AUCs for serum αSyn and Rab35 were 0.8890 (95% CI=0.8191--0.9589) and 0.7907 (95% CI=0.6870--0.8944), respectively ([Fig. 3B](#F3){ref-type="fig"}). The AUC for the combined measurement of serum αSyn and Rab35 in PD patients was 0.9110 (95% CI=0.8490--0.9731) ([Fig. 3B](#F3){ref-type="fig"}). Compared to PSP patients, the AUCs for serum αSyn and Rab35 in PD patients were 0.8305 (95% CI=0.7362--0.9248) and 0.8421 (95% CI=0.7548--0.9294), respectively ([Fig. 3C](#F3){ref-type="fig"}). The AUC for the combined assessment of serum αSyn and Rab35 in PD patients was 0.8983 (95% CI=0.8312--0.9655) ([Fig. 3C](#F3){ref-type="fig"}). All of these data suggest that the combined assessment of serum αSyn and Rab35 is a better biomarker for differentiating PD patients from atypical parkinsonian patients.

Combined assessment of serum αSyn and Rab35 is a predictive biomarker for younger sporadic PD patients
------------------------------------------------------------------------------------------------------

We further examined the diagnostic accuracy of using combined serum αSyn and Rab35 to differentiate PD from NC. One hundred and nineteen cases, including 50 NC and 59 sporadic PD patients, were dichotomized into pairs of groups by age (\<55 and ≥55 years, \<60 and ≥60 years, \<65 and ≥65 years, \<70 and ≥70 years, \<75 and ≥75 years, and \<80 and ≥80 years), and then the diagnostic accuracy of PD was analyzed by using the AUC in the pairs of cutoff age groups ([Table 2](#T2){ref-type="table"}). When the age cutoff was 55, 60, 65, or 70 years, the combined assessment of serum αSyn and Rab35 for classifying sporadic PD was better for the group below the cutoff age than for the group above the cutoff age ([Table 2](#T2){ref-type="table"}). The AUCs for combined αSyn and Rab35 in PD patients aged \<55 and ≥55 years were 0.95 (95% CI=0.84--1.00) and 0.88 (95% CI=0.82--0.95), respectively; the corresponding values were 0.98 (95% CI=0.93--1.00) and 0.87 (95% CI=0.80--0.94) for PD patients aged \<60 and ≥60 years, respectively, 0.99 (95% CI=0.96--1.00) and 0.87 (95% CI=0.79--0.94) for those aged \<65 and ≥65 years, respectively, and 0.98 (95% CI=0.95--1.00) and 0.90 (95% CI=0.83--0.97) for those aged \<70 and ≥70 years, respectively. These findings suggest that the combined assessment of serum αSyn and Rab35 is more accurate in predicting younger sporadic PD patients.

DISCUSSION
==========

Patients do not display symptoms of PD before 70--80% of SNpc dopaminergic neurons have degenerated,[@B33] which indicates that a reliable serum biomarker for the early detection of PD is urgently needed. Many potential serum biomarkers have been identified in PD patients. The level of serum uric acid is decreased in PD patients, and a high serum uric acid is correlated with a slower progression of PD.[@B34] Serum levels of inflammatory cytokines and interleukins, including interleukin-2 (IL-2), IL-4, IL-6, IL-10, and interferon-gamma, are up-regulated in PD patients.[@B35] The serum level of IL-6 is increased in PD patients and is correlated with the physical disability associated with PD.[@B36] The serum level of tumor necrosis factor-alpha is up-regulated in PD patients 35. The serum level of insulin-like growth factor-1 is higher in PD patients than in NC.[@B37] The serum level of lymphocyte activation gene-3 is increased in patients with PD.[@B38] The difference in the serum level of neurofilament light chain is used to discriminate PD from atypical parkinsonian disorders.[@B39] The level of serum CXCL12 is up-regulated in PD patients and can be used as a biomarker.[@B40] Finally, an increased activity of β-galactosidase is observed in serum from PD patients.[@B41]

Rab proteins participate in membrane trafficking of neurons and are implicated in the pathogenic mechanisms of several neurodegenerative disorders.[@B16] The Rab proteins Rab3 and Rab27B are found in neuronal synapses and regulate the exocytosis of synaptic vesicles,[@B42] while Rab4, Rab8, Rab11, Rab17, and Rab39B regulate neurotransmitter trafficking and turnover,[@B43][@B44][@B45] and Rab5 interacts with LRRK2 and is involved in the endocytosis of synaptic vesicles.[@B46] It has been reported that dysfunction of membrane trafficking leads to neurodegeneration.[@B16] Mutations in Rab proteins are likely to be involved in the neuronal death that occurs in neurodegenerative diseases.[@B16] The loss of Rab39B function leads to early-onset PD.[@B13] Expression of the phosphomutant Rab35 results in the loss of SNpc dopaminergic neurons.[@B24] Moreover, Rab proteins could play a role in the etiology of PD by interacting with several PD genes, including the LRRK2, PINK1, and αSyn genes.[@B47]

Increased levels of αSyn and Rab35 are likely to participate in the etiology of PD.[@B26] Consistent with the results of previous investigations,[@B48] the present study has demonstrated that the level of serum αSyn is up-regulated in sporadic PD patients. As we reported previously,[@B26] the level of serum Rab35 is also up-regulated in patients with PD. A particularly interesting aspect of our results is the suggestion that compared with measuring the serum level of αSyn or Rab35 alone, the combined assessment of serum αSyn and Rab35 has a better performance in discriminating PD patients from NC. Furthermore, compared to analyzing serum αSyn or Rab35 alone, the combined assessment of serum αSyn and Rab35 is more effective in differentiating PD patients from MSA or PSP patients. Therefore, our study provides evidence that the combined assessment of serum αSyn and Rab35 is a better biomarker for discriminating PD patients from NC or patients affected with atypical parkinsonian disorders.

The findings of this study indicate that in contrast to sporadic PD patients, the serum level of Rab35 or αSyn is not significantly altered in patients with DIP. It is difficult to distinguish PD and DIP by their clinical phenotypes.[@B49] Our results suggest that the absence of an increased serum Rab35 or αSyn level can be used to differentiate DIP patients from sporadic PD patients.

Nonmotor symptoms of PD, such as olfactory dysfunction, REM sleep-behavior disorder, or autonomic malfunction, are believed to be symptomatic biomarkers and can be used to predict the prodromal stage of PD,[@B50][@B51] However, the reported sensitivity of symptomatic markers has ranged widely, from 27.6% to 90%.[@B52][@B53] SPECT, PET, and fMRI are neuroimaging techniques that have been used to diagnose early-stage PD.[@B50][@B51][@B54] However, neuroimaging biomarkers for detecting PD are more expensive and time-consuming to acquire compared to obtaining serum samples from PD patients.[@B54] In addition to detecting PD, altered serum levels of biomarkers could also be used differentiate younger sporadic PD patients from older sporadic PD patients, and be used for the early diagnosis of PD. The results from the present study demonstrate that when using an age cutoff of 55, 60, 65, or 70 years, the combined assessment of serum αSyn and Rab35 for predicting sporadic PD performs better for the group below the cutoff age than for the group above the cutoff age. Therefore, the present study is the first to provide evidence that the combined assessment of serum αSyn and Rab35 is a useful predictive biomarker for younger sporadic PD patients.
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![The serum levels of αSyn and Rab35 are elevated in PD patients. The ultrasensitive IMR immunoassay and ELISA were used to analyze the levels of αSyn and Rab35 in serum samples, respectively, which were higher in PD patients than in NC, MSA patients, and PSP patients (A and B). Scatter plot of natural-logarithm values of the serum αSyn and Rab35 levels. The fitted regression line shows that there was a positive correlation between these levels (*r*=0.357, *p*=0.0055) in PD patients (C). Compared to age-matched controls, the serum levels of αSyn and Rab35 were not significantly altered in DIP patients (D and E). ^\*^*p*\<0.001 compared with NC. αSyn: alpha-synuclein, DIP: drug-induced parkinsonism, IMR: immunomagnetic reduction, Ln: natural logarithm, MSA: multiple system atrophy, NC: normal controls, PD: Parkinson\'s disease, PSP: progressive supranuclear palsy.](jcn-15-488-g001){#F1}

![The levels of serum αSyn and Rab35 are increased in PD mice models. Compared with control mice, the serum levels of αSyn and Rab35 were up-regulated in mice treated with MPTP for either 1 or 2 weeks (A and B). Scatter plot of natural-logarithm values of the serum αSyn and Rab35 levels. The fitted regression line shows that there was a positive correlation between these levels in MPTP-treated mice (*r*=0.671, *p*=0.0011) (C). The levels of serum αSyn and Rab35 were increased in 6M and 9M (D331Y) PLA2G6 knockin mice compared to 6M and 9M wild-type mice (D and E). Scatter plot with a fitted regression line demonstrating a positive correlation between these levels in (D331Y) PLA2G6 knockin mice (*r*=0.7438, *p*=0.0271) (F). ^\*^*p*\<0.05, ^†^*p*\<0.01 compared with NC. 6M: six-month-old, 9M: nine-month-old, αSyn: alpha-synuclein, Ln: natural logarithm, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, NC: normal controls, PD: Parkinson\'s disease, WT: wild-type.](jcn-15-488-g002){#F2}

![The combined assessment of serum αSyn and Rab35 levels has a better accuracy in differentiating PD from NC and other parkinsonian disorders. ROC curves of serum αSyn (black line), serum Rab35 (red line), and combined assessment of serum αSyn and Rab35 (αSyn+Rab35, blue line) were examined in serum samples from NC and PD, MSA, and PSP patients. The AUCs for serum αSyn, serum Rab35, and the combined assessment of serum αSyn and Rab35 when comparing PD patients with NC were 0.8175 (95% CI=0.7429--0.8921), 0.8314 (95% CI=0.7569--0.9058), and 0.8794 (95% CI=0.8161--0.9427), respectively (A). The AUCs for serum αSyn, serum Rab35, and the combined assessment of serum αSyn and Rab35 when comparing PD and MSA patients were 0.8890 (95% CI=0.8191--0.9589), 0.7907 (95% CI=0.6870--0.8944), and 0.9110 (95% CI=0.8490--0.9731), respectively (B). The AUCs for serum αSyn, serum Rab35, and the combined assessment of serum αSyn and Rab35 when comparing PD and PSP patients were 0.8305 (95% CI=0.7362--0.9248), 0.8421 (95% CI=0.7548--0.9294), and 0.8983 (95% CI=0.8312--0.9655), respectively (C). αSyn: alpha-synuclein, AUC: area under the ROC curve, IMR: immunomagnetic reduction, MSA: multiple system atrophy, NC: normal controls, PD: Parkinson\'s disease, PSP: progressive supranuclear palsy, ROC: receiver operating characteristics.](jcn-15-488-g003){#F3}

###### Demographic data and serum αSyn and Rab35 levels of patients and NC
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Data are *n* or mean±SEM values.

αSyn: alpha-synuclein, MSA: multiple system atrophy, NC: normal controls, PD: Parkinson\'s disease, PSP: progressive supranuclear palsy.

###### Summary of AUC results when the age groups were dichotomized
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αSyn: alpha-synuclein, AUC: area under the receiver operating characteristics curve.
